Introduction
Solid oxide fuel cell ͑SOFC͒ gas turbine hybrid systems are an attractive emerging electrical power generation technology. A SOFC directly converts fuel to electricity, allowing the potential to generate power at higher efficiency than by conventional means, while providing clean and reliable electricity ͓1͔. SOFC gas turbine hybrid technology is being developed by power companies with support from government programs and university research ͓2-6͔. A recent focus is to develop large SOFC technology that operates on coal syngas to improve efficiency and emissions performance of coal-fired power plants and to reduce our dependence on more scarce fuels, such as natural gas, or imported fuels, such as liquefied natural gas ͑LNG͒, for power generation. For SOFC technology to be commercially competitive and to become a reality at the large scale required for coal-based systems, the technology will have to be cost effective, thermodynamically efficient, and operate robustly with some transient capability.
The goal of the present research is to design, simulate, and control a 100 MW-class coal syngas-based SOFC gas turbine hybrid system that can achieve high system efficiency and reject fuel composition and ambient temperature disturbances with transient capability in a design that can maintain operability during maintenance for improved reliability. The objective is to provide insights into effective system design and integrated system control. The approach is to use parametric analyses of the steady-state system design ͓7͔ and dynamic operation system modeling ͓8-13͔ to develop and demonstrate a system design and integrated system control strategy, which meet the goals of the study. Prior simulation work in SOFC gas turbine hybrids has been focused on the area of system design or operation ͓7,14-21͔; individual component understanding ͓13,22-27͔, as well as transient analyses and control development ͓9,12,28-38͔. The effort here builds on prior work and combines the efforts in system design, system operation, component understanding, and control to demonstrate and understand the potential hybrid capabilities and limitations as applied to large-scale coal-based applications through simulation. In the process various simulation techniques, as well as novel system and control design concepts, are developed and explored.
reliably within operating constraint requirements. The operating requirements of SOFCs are very stringent and form challenging design criteria. Operating requirements will vary for different fuel cell systems, but a general set of requirements for fuel cell stacks and SOFC systems in general is presented below.
͑1͒ Fuel and oxidant cannot be depleted in any single fuel cell within the stack ͓36,38,39͔. This is required in order to maintain fuel cell voltage, as well as to avoid oxidation and reduction in the electrodes. Fuel and oxidant utilization must be less than 95% and 35%, respectively. ͑2͒ Fuel should be sufficiently converted to a hydrogen-rich mixture before entering the fuel cell. The cell entrance electrochemical activity needs to be maintained and fuel quality needs to be sufficient to not degrade the fuel cell, for example, by coking. When operating on coal syngas, particulates that can block gas diffusion paths and corrosive elements and catalytic poisons must be removed prior to entering the cell. ͑3͒ The fuel cell operating temperature needs to be maintained ͓29,32,38͔ across the entire cell cross section. This is both to maintain ionic conduction of the electrolyte and corresponding electrochemical activity, as well as to avoid fuel cell degradation through thermal stresses. ͑4͒ Thermal stresses should be avoided to minimize mechanical failure of fuel cell materials. Convective cooling of the fuel cell by cathode air flow is required, but is constrained. The maximum temperature difference across the fuel cell must be less than 200 K ͓27,32,36,38,39͔. ͑5͒ Reasonable fuel cell voltage should be maintained at all times to avoid fuel cell degradation that can be caused by high local heat production rates ͓38,40͔.
In 100 MW-class planar SOFC gas turbine hybrid systems hundreds of thousands to millions of individual fuel cells must be used, depending on the size and performance of each cell. Each cell must have the proper amount of fuel and air, must operate at sufficiently less than the limiting current density, and must comprise temperatures that are maintained within operating requirements. It is critical that fuel, air, and current be as uniform as possible among each of the cells and that each cell operates within nearly the same operating constraints and conditions. However, not all cells will operate identically and air, fuel, current, temperature, and other parameter variations will exist within a welldesigned operating system. The challenge is to assure that each system actuator, such as a valve, will sufficiently affect many cells, making it possible to manipulate the operating condition of individual cells using a limited number of actuators. More actuators can improve individual cell control and provide system control flexibility, but with added cost and system complexity. The number of cells controlled by each fuel valve and power electronics module can be readily adjusted; however, adjusting the air flow through sections of the system is more challenging especially when a single gas turbine is used for the entire system.
The desire to vary the number of cells controlled by a single air actuator and the ability to take some of the cells offline for maintenance while the system continues to operate motivated the modular system design that is presented in Fig. 1 . The system configuration makes use of parallel fuel cell modules ͑in which the number of cells can vary in the design͒. The entire system contains only one single shaft gas turbine as an air source for the fuel cell. This gas turbine also generates additional electric power as a synchronous generator ͑constant shaft speed͒. However, individual air control valves and a recycle blower in each fuel cell module can manipulate each module air flow rate and cathode inlet temperature, which improves thermal management of the fuel cells. Individual or multiple fuel valves and power electronics can be applied within each module for improved controllability.
The tradeoff of this system design compared with designs with fewer modules and fewer actuators is that, although greater control is possible, the redundancy of system components will likely increase system costs. However, the nature of scaling fuel cell technology makes a modular design well-suited to fuel cell systems. The exact number of cells that each blower, fuel valve, and power electronics module controls can vary. It may be desired for each stack within a module to have its own power electronics or fuel valves. The desired number of cells that one should control with each actuator can only be determined by system developers for particular designs, since it is very challenging to determine the effects of manufacturing tolerances, dependability, reliability, and manufacturing quality control on the system performance. However the modular system approach is not only attractive, but required for all large fuel cell systems, making it possible to vary the number of cells each actuator controls. The modular approach also makes it possible for individual modules to be taken offline for maintenance while the system continues to operate. Thus, the current effort studies some general features of a modular design that could be applied to large fuel cell systems.
The fuel cell modules pictured in Fig. 1 were designed to operate efficiently within the operating requirements and constraints ͑presented above͒ for various compressor air flow rates ͑depend-ing on the ambient temperature and the number of system modules online͒. For thermal management of the fuel cell at part load conditions, it is desired to manipulate both the cathode air flow rate and cathode inlet temperature ͓32͔. Fuel cell temperatures are maintained by manipulating the air flow through the fuel cell. Blower recirculation makes it possible to re-utilize the proper amount of air to adjust the air flow through the fuel cell without manipulating the gas turbine speed. Heat exchanger bypass makes it possible to control the cathode inlet air temperature to minimize thermal stresses within the fuel cell. By manipulating the blower recirculation ratio and heat exchanger bypass, it is possible to maintain the required fuel cell air flow and cathode inlet temperature condition ͑for thermal management͒ for a range of compressor flow rates. This makes it possible to thermally manage the fuel cell at various power levels with a synchronous gas turbine generator.
In the system design it is assumed that a coal gasifier is integrated with the power block, providing a hydrogen-rich synthesis gas feed to the fuel cell. A combustor is placed before the turbine to maintain sufficiently high turbine inlet temperatures during start-up and low power conditions. In addition, the heat from the turbine exhaust can either be integrated into a bottoming cycle ͑e.g., steam cycle͒ or utilized in the gasification process ͓14,21͔. Transactions of the ASME Neither the gasifier, the bottoming cycle, nor integration with such components is studied herein. Rather, the focus is on the hybrid system power block. As will be demonstrated, the system can achieve high efficiency and can be controlled to achieve transient load following capability, with ambient temperature and fuel variation disturbance rejection.
System Design Parametric Analysis.
The system is designed to accommodate various amounts of fuel cell bypass air and blower recirculation. At the system design point it is desired to maximize fuel cell power and to avoid fuel cell bypass air. Bypass air will decrease the turbine inlet temperature and decrease efficiency. However, it is not straightforward to determine whether an increase in blower recirculation will increase or decrease the system efficiency. In fact, Zhang et al. ͓19͔ demonstrated cathode air recirculation will increase system efficiency, while Tarroja et al. ͓7͔ , demonstrated cathode air recirculation will decrease efficiency. It is hypothesized that the efficiency effects of blower recirculation depend on the system configuration, as well as other parameters, such as fuel cell operating temperature, and blower and compressor efficiencies. Hence a steady-state system design parametric analysis on the cathode air recirculation ratio was conducted on the proposed system to maximize system efficiency as a function of cathode air recirculation ratio within the constraints presented above.
A steady-state system design parametric analysis of the system is presented in Fig. 2 . The analysis was conducted in engineering equation solver ͑EES͒ by applying the model described in Ref. ͓7͔ to the current system configuration ͑see Fig. 1͒ . It was assumed that the system operated on pure hydrogen, as would be the case for a gasifier that includes carbon separation for sequestration. In terms of modeling, the only difference in the present work compared with Ref. ͓7͔ was that the fuel cell surface area was increased, heat losses were removed, and a constant 10% pressure drop in the fuel cell stack was assumed. The system design approach was to set the compressor air flow rate, pressure ratio, and fuel cell utilization constant, as shown in Table 1 . This was done so that one could design the overall system to use a single gas turbine engine driving a synchronous generator ͑at constant speed͒. The heat exchanger effectiveness was determined in order to achieve a 1000 K cathode inlet temperature, and the blower recirculation ratio was determined in order to achieve cathode and anode fuel cell exit temperatures of 1050 K. Using EES parametric analysis the number of fuel cells was iterated, and system efficiency was determined for a range of operating power by varying the fuel cell current density. Parametric analysis results of the system efficiency and depleted air recirculation ratio are presented in Fig. 2 . Note that negative recirculation ratio indicates air bypassing the fuel cell ͑i.e., air bypass is equivalent to negative air flow through the blower͒.
With air recirculation it is possible to thermally manage a larger fuel cell for a given gas turbine air flow. The recirculation ratio increases with increased power because more air flow through the fuel cell is needed to reject the supplementary heat generated within the fuel cell at higher power. On the other hand, recirculation decreases the system efficiency for a given fuel cell size. However, a larger fuel cell ͑with more fuel cells͒ is always more efficient for a given power level. The increased number of cells results in an increased power range and higher efficiencies for a given power level as fuel cells operate more efficiently at lower current density.
The most interesting result is that blower air recirculation makes it possible ͑in the given configuration͒ to raise the system power per fuel cell at a given efficiency. Considering the maximum system efficiency of 100,000 cells ͑i.e., no bypass or recirculation͒, a larger system at the same efficiency with some blower recirculation will be generate more system power per cell at the same efficiency. As shown in Fig. 2 , the system power per cell for the peak efficiency of 100,000 cells is 0.88 MW per 1000 cells, while at 150,000 cells for the same system efficiency the system power per cell is 0.94 MW per 1000 cells. While recirculation always decreases efficiency for a given fuel cell size for a constant air flow rate, blower air recirculation could potentially allow the integration of a larger fuel cell with maintained system power per cell, resulting in a system efficiency increase.
The number of cells, which can be integrated into a system with a given compressor air flow rate is limited by the ability to control the cathode inlet air temperature by bypassing air around the heat exchanger. As more air is recirculated less air preheat is required from the heat exchanger until the point where no heat exchanger is needed and control of the cathode inlet temperature is lost.
Increasing blower recirculation results in increased parasitic losses. However, by recirculating more of the cathode stream it is possible to increase the fuel cell to gas turbine power ratio, resulting in a system efficiency benefit because the fuel cell is more efficient than the gas turbine. In addition, by recirculating more of the cathode stream the combustor and turbine inlet temperatures increase. Increased turbine inlet temperature further increases the turbine efficiency helping to increase the overall system efficiency. Careful consideration must be taken with the depleted fuel combustor as the combustor temperature tends to increase with increased recirculation. Overall, a system efficiency tradeoff exists between the blower parasitic loss and an efficiency gain due to larger fuel cell to gas turbine power ratios and increasing turbine inlet temperature. Depending on the system configuration and operating parameters, it appears that blower recirculation can both increase and decrease system efficiency.
The use of blower recirculation in addition to potential efficiency benefit makes it possible to effectively control the air flow through the fuel cell without needing to manipulate the compressor air flow. This makes it possible to use the same fuel cell module in large 100 MW-class centralized systems or smaller multiple megawatt systems for distributed generation. In large systems, it is desired to use synchronous generators where control of the compressor air flow is more challenging than with variable speed turbines. Use of a recirculation blower in these large systems makes it possible to effectively manage fuel cell temperatures without varying the compressor inlet air. For large-scale systems multiple modules can be integrated with a single synchronous gas turbine, while a few modules can be integrated with a smaller variable speed gas turbine for distributed generation applications. Simulation results indicate system efficiencies greater than 65-70% can be achieved in large systems with cathode air recirculation ͑see Fig. 2͒ .
3 Detailed System Operation Analyses 3.1 Steady-State System Operation Analysis. With an effective system design, a dynamic model of the integrated system was developed to characterize the steady-state system operation, as well as to develop and demonstrate transient capability and disturbance rejection of the controlled system. In the steady-state design analysis the isentropic efficiencies of the compressor and turbine were maintained at constant values regardless of the gas turbine operating conditions. In the dynamic model gas turbine performance maps were used to capture system operation impacts on the gas turbine. By using gas turbine performance maps and resolving each system state, the effects of varying operating pressure and turbine inlet temperature on gas turbine efficiency are captured. Hence the dynamic system operating characteristics will be different than those of the system design analysis where the gas turbine efficiency performance is kept constant.
The dynamic modeling methodology utilized herein has been used to develop models that compare well with single cells undergoing dynamic transients ͓13͔, as well as integrated simple cycle SOFC systems ͓9͔, SOFC/GT hybrid systems ͓18͔, and proton exchange membrane stationary fuel cell systems ͓41͔. Furthermore the modeling methodology has been used to investigate integrated fuel cell controls ͓8,9,11,12,35,42͔. Because the modeling methodology and equations have been previously presented ͓8,9,11-13,18,35,37,41-45͔, the model will only be briefly summarized here.
The model is based on the physics and chemistry that govern the fuel cell system, and is developed by resolving conservation of mass, energy, and momentum principles, with corresponding electrochemistry, chemical kinetics, heat generation, and heat transfer. Each of the primary system components ͑SOFC, compressor, turbine, oxidizer, heat exchangers, and blower͒ are modeled individually and integrated to form the system. The flow between each of the components is resolved for molar flow rate, species mole fraction ͑CH 4 , CO, CO 2 , H 2 , H 2 O, N 2 , and O 2 ͒, temperature, and pressure. In this fashion dynamics of individual components and interactions among system components are captured to simulate the system dynamic response.
The simplifications employed in this case include a quasidimensional approach for resolving geometrical features of the heat exchanger and fuel cell. Components are spatially discretized using control volumes. Resulting time ordinary differential equations for each control volume are then solved using SIMULINK ® stiff differential equation solver ODE 15s. Within each control volume only the physical and chemical processes that affect the time scale of interest in the dynamic simulation are considered ͑Ͼ10 ms͒. Processes, such as electrochemical reaction rates and electric current flow dynamics, are assumed to occur at a time scale that is faster than that of interest to the model. Conservation equations and chemical kinetics are applied to each control volumes. Transport phenomena, such as heat transfer and ion and fluid flow, are then resolved between control volumes. Details regarding model constants and system configuration are presented in Table 2 . A more complete description of the modeling approach is presented in Ref. ͓42͔ with additional details presented in Ref.
͓43͔.
The full steady-state system performance for a large range of power from 60 MW to 170 MW is presented in Fig. 3 . It is assumed that ambient temperature is constant at 298 K. In the Transactions of the ASME system performance simulation, the fuel cell power is manipulated by varying the fuel cell current. The fuel utilization was maintained at 80% by varying a current-based-fuel-controller ͓9͔, the cathode inlet temperature was maintained at 1000 K by manipulating the recuperator bypass valve, and the cathode air outlet temperature was maintained at 1150 K by manipulating the blower recirculation until the blower power saturated at zero, at which point the fuel cell exit temperature was controlled by bypassing the air around the fuel cell modules. The simulation indicates blower recirculation is effective at controlling the fuel cell temperature in a power range from about 105 MW to 170 MW. In the operating range in which blower recirculation provides thermal management, the system efficiency remained nearly constant near 64% lower heating value. The system efficiency decreased when compressor air bypasses the fuel cell, also a means of thermal management, as supplementary fuel must be burned in the gas turbine combustor to maintain the turbine inlet temperature to ensure positive gas turbine power ͑at low power the compressor power demand may become greater than the power generated in the turbine͒. This further indicates the effectiveness of blower recirculation and makes it the preferred method of thermal management between the two control strategies. As blower recirculation increases, both combustor and turbine inlet temperatures increased. To maintain the cathode inlet temperature the heat exchanger bypass increased with increased blower recirculation. The number of fuel cells that can be integrated with a given compressor flow rate is limited by the ability to control the cathode inlet air temperature. At high recirculation ratios recirculation alone provides sufficient heat to preheat the inlet air causing an inability to use heat exchanger bypass to control the cathode inlet temperature.
The system can operate over a wide power range with different numbers of modules online. Figure 4 shows system efficiency versus power for 30, 60, and 70 modules online. The system can operate with varying amount of modules online; however, the system is most efficient with the full 70 modules online. With more modules offline the system efficiency, as well as the maximum system power, decreases. The near linear overlap region of Fig. 4 is due to compressor air bypassing the fuel cell module. In this region the system efficiency is essentially independent of the number of modules online for a given system power. The flat region in the 70 and 60 module case is where blower recirculation is used to control the fuel cell temperature. During operation it is likely that only a few modules will need to be taken offline at any particular time, in which case the system efficiency and maximum system power could be nearly maintained. ͓8,11,12,35,38,42 ,43͔ has demonstrated through simulation that with proper control, SOFC systems can be developed to have significant transient load following capability and disturbance rejection. In this section transient load following and disturbance rejection controls are developed based on the controls presented in Ref. ͓12,42͔ for the conceptualized system. Overall, the control system contains six primary controllers: ͑1͒ fuel cell current/ combustor temperature controller, ͑2͒ fuel cell fuel flow/system power tracking controller with a current governor, ͑3͒ heat exchanger bypass/cathode inlet temperature controller, ͑4͒ blower recirculation and fuel cell module bypass/fuel cell temperature controller, ͑5͒ air bleed/compressor surge controller, and ͑6͒ supplementary combustor fuel/gas turbine inlet temperature controller. The controls developed are demonstrated in Sec. 3.3.
Integrated Control Development. Prior work
In the developed control system, the fuel cell current is used to control the flow of fuel cell depleted fuel, which directly affects combustor temperature. The combustor temperature is also affected by the compressor air flow, extent of recirculation, and fuel flow. It is possible to control the combustor temperature by either manipulating the fuel cell fuel flow or the fuel cell current. Since the fuel cell fuel flow is being provided by a coal gasifier, the response time of the fuel flow is expected to be slow. Therefore, the fuel flow controller will not likely be able to maintain the combustor temperature during load transients. Consequently, to maintain the system within operating constraints, the combustor temperature is controlled by manipulating the fuel cell current. This is possible because the amount of fuel entering the combustor can be independently manipulated by consuming more or less fuel in the fuel cell by changing the fuel cell current, which can be manipulated rapidly ͓42͔. The implemented fuel cell current/ combustor temperature controller is presented in Fig. 5 .
The system power is tracked by varying the fuel cell power by manipulating the system fuel flow. Controlling the fuel cell power through fuel flow is more sluggish than control by manipulating the current, however, it is necessary to maintain safe operating conditions at all times at the cost of transient performance. Feedforward manipulation in the combustor temperature controller will increase the current and fuel flow simultaneously, increasing power. Slight offsets in power will be rejected by fuel flow ma- nipulation based on power feedback. Combustor temperature variations, during transients and during disturbances, will be maintained by fuel cell current manipulation based on combustor temperature feedback. However, the fuel cell current is limited, and a current reference governor on power demand must be implemented into the power controller to avoid the current from saturating, in which case the combustor temperature control will be lost. The fuel flow/fuel cell power controller implemented in the system model is presented in Fig. 6 . A current governor is integrated with this controller. The fuel cell temperature is controlled by manipulating the amount of air through the fuel cell. The cathode inlet air temperature is controlled by bypassing more or less flow around the cathode air recuperator using a simple feedback and feed-forward controller with constant feedback gain, as shown in Fig. 5 . The amount of air through the fuel cell is manipulated without controlling the gas turbine by either bypassing air around the fuel cell if the compressor air flow rate is too large or by recirculating cathode depleted air using a blower if the compressor air flow rate is too low. To avoid loop interaction between the blowers and the bypass, the fuel cell temperature set point in the bypass controller is set at 1149 K and the fuel cell temperature set point in the blower controller is 1150 K. In this fashion, the fuel cell temperature will be controlled by the blower until the blower power saturates at zero, at which point the fuel cell temperature will be controlled by bypassing air around the fuel cell modules. Manipulating the recirculation blower speed to control the fuel cell temperature is similar to the fuel cell thermal management implemented in Ref. ͓12͔ with the compressor air being essentially a necessary disturbance on the fuel cell air flow rate in terms of temperature control. Note that both the fuel cell bypass and blower fuel cell temperature controllers are in the form of simple feed-forward with constant proportional feedback control.
The gas turbine operates at 3600 rpm. The power balance between the turbine and compressor is modeled as generator power. While the compressor is not manipulated directly to control the fuel cell temperature, it is necessary that the compressor does not surge. Surge of the compressor must be avoided at all costs, as surge will result in oscillations that can severely damage the gas turbine, as well as the fuel cell. Compressor surge can be a problem when ambient temperature varies due to density effects on the compressor flow rate. It is possible to avoid surge by bleeding pressurized air to reduce the pressure of the system. Bleed of pressurized air results in efficiency loss and is not desired but may be required to avoid surge. Before pressurized air bleed manipulation can be implemented to prevent surge, a technique must be developed to detect surge and quantify the distance from the surge margin. Using compressor performance maps, along with knowledge of compressor shaft speed, pressure ratio, and compressor inlet temperature; it is possible to quantify the surge margin. From the pressure ratio and gas turbine shaft speed it is possible to use the compressor map to obtain the compressor flow rate. From this information it is possible to evaluate the surge margin ͑SM͒, as shown in Fig. 7 from a linear surge line using simple trigonometry expressed in the equations below
where SM is the surge margin, No is the normalized flow, Pro is the pressure ratio, and Prsl is the linear surge line pressure ratio at zero normalized flow. With the surge margin quantified, a proportional controller, as shown in Fig. 8 , can be used to bleed compressed air to avoid surge. Saturation is used such that the bleed output is only positive. This control approach starts using compressed air bleed once the surge margin becomes less than a reference value ͑r SM ͒. In addition to avoiding surge, the gas turbine power must always be positive. At low power, when the turbine inlet temperature tends to decrease due to fuel cell bypass, the turbine will not make enough power to drive the compressor without supplementary combustor fuel. Therefore a supplementary combustor fuel/ gas turbine power/turbine inlet temperature cascade controller was implemented in the system, as shown in Fig. 9 . The controller controls the turbine inlet temperature by manipulating the supplementary fuel flow at the turbine inlet combustor such that the gas turbine power does not become negative. The controller makes use of saturation and a dead zone, where the block output is zero unless the gas turbine temperature error is greater than 20 K. If the turbine inlet temperature error is greater than or equal to 20 deg, the zone output is the input minus 20 deg. If the turbine inlet Transactions of the ASME temperature error is less than or equal to −20 deg the zone output is the input plus 20 deg. This helps minimize the amount of unnecessary supplementary combustor fuel used during transient operation.
All six of the controllers were implemented into the system using steady-state data from 80% fuel utilization operation at 298 K ambient temperature. Feedback is used to reject disturbances and to maintain the system within operating constraints during load transients. A summary of the complete control system is presented in Fig. 10 , illustrating the control loops used in the system. Control constants used in the transient simulations are presented in Table 3 for all the control loops.
Transient System Evaluation.
To evaluate the system transient load following and disturbance rejection capabilities, the integrated system simulated response to a power demand increase and decrease was investigated under constant ambient temperature and fuel composition conditions. The system simulated response to a variable demand with variable diurnal ambient temperature and variable fuel composition was then further evaluated.
The system response to a power demand increase from 60 MW to 170 MW at 2 MW/s is presented in Fig. 11 . A relatively slow ramp rate was considered such that the fuel flow increase was not too rapid. In this case the system power was tracked except for the last 20 MW, where the power demand was limited by the fact that maximum fuel cell current was reached. The tracking error was caused by the blower power demand on the fuel cell in addition to the system power demand. The blower power demand overshoots its steady-state condition due to the inertia of the blower. Once the blower power demand decreased the system power was tracked.
The system response to a load decrease from 170 MW to 60 MW at 2 MW/s is presented in Fig. 12 . In the simulation the power decrease was well tracked. In the load increase and decrease simulations, the combustor, turbine inlet, and fuel cell temperatures were well maintained. The fuel cell temperature was maintained within 2 deg using fuel cell module bypass and variable blower recirculation demonstrating effective thermal control of the system. The system avoided the surge margin, and the gas turbine power remained positive. The fuel cell voltage remained high indicating sufficient fuel remained within the fuel cell and that current did not become excessive. The conceptualized system with implemented feed-forward feedback type control was capable of following significant loads.
In the field, SOFC systems will have to follow loads during ambient temperature and perhaps fuel composition variations. The transient capability of the current system has been evaluated for power ramps without disturbances. However, the feedback used in the current control system development should be able to reject disturbances during transients, as well as disturbances in ambient temperature and fuel composition. To further evaluate the conceptualized system, the transient load, fuel hydrogen concentration, and ambient temperature were perturbed, as shown in Fig. 13 . Simulated system responses for these perturbations are presented in Fig. 14 . The system power demand was tracked within approximately 20 MW during each of the transient power demand perturbations. At high ambient temperature gas turbine power was lost, and the system was not capable of tracking high system power demand because the fuel cell was not able to make up for all of the lost gas turbine power. Due to integral power feedback, the system power was tracked at steady state as long as the fuel cell current did not saturate.
During the transients and significant disturbances the fuel cell temperature was maintained within 2 K, showing effective control of the fuel cell temperature. The combustor and turbine inlet temperatures were well maintained within operating requirements. The amount of fuel within the fuel cell and the fuel cell voltage was well maintained indirectly by controlling the combustor temperature. Overall, the dynamic system simulation demonstrates that the designed system has substantial transient capability and can be controlled to operate within operating constraints during significant power demand perturbations with disturbances in fuel and ambient temperature. A 100 MW-class solid oxide fuel cell synchronous gas turbine hybrid system with operational system efficiencies exceeding 60% has been conceptualized, simulated, and demonstrated to have significant transient load following and disturbance rejection capability with implemented controls. The system concept was developed for high efficiency, performance, and reliability at an operating scale compatible with coal-based systems. The effort demonstrates the following:
͑1͒ the use of blower recycle to increase the system efficiency and to provide improved thermal management of the fuel cell without the need to manipulate the gas turbine air or bypass air around the fuel cell ͑2͒ a modular system design in which modules can be taken offline for maintenance as the system continues to operate and the ability to vary the number of cells each actuator controls ͑3͒ the effectiveness of simple feedback regulation with steadystate feed-forward control for transient load following with disturbance rejection in large systems without independent control of the gas turbine ͑4͒ fuel cell current manipulation to control the combustor temperature ͑5͒ controls to prevent both surge and maintain gas turbine operation during transients and disturbances ͑6͒ steady-state system design and dynamic modeling for the development of integrated systems and controls While many contributions are made, the paper reveals the need for further research. For example, ͑1͒ the blower can be integrated within the system in various ways, which should be studied through a comprehensive design iteration, ͑2͒ coal gasification should be thermally integrated with the hybrid system and simulated to understand dynamics and to develop the required controls, and ͑3͒ to improve the lifetime of the stack, thermal stresses within the fuel cell during transients should be minimized by implementing advanced control strategies that can minimize temperature gradients within the fuel cell. The current system configuration and controls are fairly general and applicable to a wide range of particular system designs providing critical insights into the possibility of operating SOFC gas turbine hybrid systems at high efficiency in 100 MW-class applications with transient operation and disturbance rejection capabilities. The possibility for improvements in reliability and performance through system and controls advancements could further motivate the advancement of SOFC systems.
